largely controlled by the relative contributions of NPIW (higher values) and AAIW (lower values), with AAIW values modified during transit from the Southern Ocean through the Papua New Guinea region.
We report a Nd isotope time series for the past 38 kyr from core MV99-MC19/GC31/PC08 near southern Baja California using the same samples and age model as Marchitto et al. 2 to distinguish between potential northern and southern sources for the old, 14 C-depleted water detected during the last deglaciation. Our record illustrates variations in ε Nd values from −0.3 to −3.0. Pre-LGM (before 21 kyr bp) ε Nd values range between −1 and −2.5, with values around −1 during the LGM. A prominent negative excursion to approximately −3.0 occurs at the beginning of the deglaciation, with a subsequent increase to −1.7 during the later half of Heinrich Stadial 1 (HS1). Nd isotopic values continue to increase into the Bølling-Allerød (B-A) warm interval, where they plateau at ∼−1.4. There is limited data during the cold Younger Dryas (YD) interval; however, there is a hint of a minor negative ε Nd excursion during the YD followed by a positive excursion and values ranging from −0.3 to −1.6 in the Holocene epoch. There is some structure in the Holocene record, but the mean ε Nd value is comparable to LGM values and tends to be higher than pre-LGM values.
In general, modern AAIW ε Nd values are ∼−6 to −8ε Nd units and NPIW values are ∼0 to −4ε Nd units (ref. 11 and references therein; Supplementary Information). Thus, the overall −0.3 to −3.0 range in ε Nd values observed in our data would seem to represent waters dominantly sourced from the North Pacific throughout the past 38 kyr. However, the Nd isotope signature of southern-sourced AAIW is modified during its transit through the Pacific in the region of Papua New Guinea because of interactions with volcanic inputs that introduce much higher Nd isotopic ratios (ε Nd ∼ +7; ref. 12). As a result, the measured ε Nd value of this modified AAIW is ∼−2.8 (ref. 12; Supplementary Information), and it is this water that flows eastward along the Equator to influence EqIW. In addition, our youngest ε Nd value of −1.5 may be taken as a minimum value for modern NPIW in this region based on the most conservative scenario that the site is at present bathed by pure NPIW.
In the absence of any high-resolution ε Nd reconstructions from the AAIW and NPIW source regions, we begin with the assumption that the endmember compositions of these two water masses have remained relatively constant since the LGM. In the context of constant endmembers, ε Nd excursions to more radiogenic values represent an increased flux of NPIW (or less AAIW), whereas excursions towards less radiogenic values record an increased flux of AAIW (or less NPIW). Following this logic, the pre-LGM period (before 21 kyr bp) in our record indicates a mixture of NPIW and 
AAIW, with a relatively decreased component of AAIW during the
LGM, similar to Holocene values (Fig. 2) . AAIW intensified during the deglaciation, comprising most of the water mass during the early part of the HS1 event, then decreased during the B-A warming period and might have increased slightly again during the YD. Post YD the region was once again dominated by NPIW.
The timing of major fluctuations in AAIW interpreted from Nd isotopes is broadly in agreement with the idea of depleted 14 C originating in the Southern Ocean (Fig. 3b,c) . The deglacial decrease in ε Nd values around 18 kyr bp probably represents the first pulse of AAIW into the eastern North Pacific as the Southern Ocean recovered from surface stratification 4, 5 and/or extensive sea-ice coverage 3 during the LGM. The timing of this pulse defined by Nd isotopes coincides with a negative δ 13 C excursion of thermocline-dwelling foraminifera Neogloboquadrina dutertrei in the eastern equatorial Pacific 13,14 also interpreted to indicate an influx of older water from the Southern Ocean (Fig. 3d) . In the Southern Ocean higher productivity indicated by an increased opal flux near Antarctica also supports increased upwelling of nutrient-rich abyssal water and hence more AAIW activity 7 at this time (Fig. 3e) . Evidence of increased deglacial AAIW has also been reported from Nd isotopic records in the Atlantic 15 . Comparison of Northern Hemisphere 16 and Southern Hemisphere 8 ice-core temperatures indicates that deglacial warming in the Southern Ocean preceded deglaciation in the highlatitude Northern Hemisphere (Fig. 3a) . Early warming in the Southern Hemisphere and invigorated AAIW formation are well known 2, 17, 18 . In contrast, the deep and shallow Northern Pacific did not start responding to deglaciation until the beginning of the B-A period 19 (∼14.8 kyr bp), although localized intermediate water formation during HS1 in the western North Pacific has recently been reported 20 . Therefore, temporal differences in the deglacial history between the Northern and Southern hemispheres also imply that the Nd isotopic excursion at ∼18 kyr was controlled by intermediate water mass readjustment in the Southern Hemisphere.
The deep ocean represents the most likely storage area for old carbon during the last glaciation because of the proposed mechanism of formation and the volume of the old carbon reservoir 1, 21 . Our ε Nd data imply that the old carbon reported from the Baja site 2 was sourced from the Southern Ocean through AAIW that was modified in the equatorial Pacific. A recent study indicates 22 no evidence for deglacial old 14 C in intermediate waters off Chile, close to one of the main regions of AAIW formation today. Part of this AAIW takes a complicated route in the South Pacific before reaching the Baja site (Supplementary Information). Another portion of this AAIW passes from the southeastern Pacific, through Drake Passage 23 and circumnavigates Antarctica where it could have picked up old carbon from the deep southern abyss before circulating back into the Indian and Pacific oceans. The Chilean site 22 may be too close to the region of active AAIW formation to have been influenced by AAIW that acquired older carbon during its journey around Antarctica. Recent evidence of radiocarbon-depleted AAIW reported from the tropical South Atlantic off Brazil during the HS1 and YD intervals 24 and from the deep Southern Ocean 25 during the last glacial period is consistent with acquisition of old abyssal carbon east of Drake Passage.
Half way through the HS1 event ε Nd values in the Baja record become more positive in a pattern that does not match the Baja 14 C record. The 14 C record depicts a strong influence of aged water until the beginning of the B-A period (Fig. 3c) , whereas the ε Nd record illustrates increasing values during the later half of HS1, which could be interpreted as decreasing AAIW. However, no other lines of evidence support diminished AAIW at this time 7, 8, 13 (Fig. 3) . Alternatively, an increased NPIW flux could potentially explain the observed discrepancy during the mid HS1. Although the western North Pacific is known to be a region of active intermediate-deep water formation during HS1, these waters were relatively enriched in 14 C and do not seem to have reached the eastern Pacific 20 . In the absence of any compelling evidence in favour of diminished AAIW or increased NPIW, we must appeal to modified endmember ε Nd values of AAIW or NPIW to explain the decoupling between 14 C and ε Nd . Given that ε Nd values suggest the water at the Baja site is dominated by AAIW by mid HS1, we focus on this endmember. Changes in weathering in the Papua New Guinea region, possibly due to a southward shift of the intertropical convergence zone 26 and increased rainfall around Papua New Guinea during deglaciation, could have introduced more positive Papua New Guinea-type ε Nd values to AAIW.
Changes in ε Nd during the B-A and YD are more subtle but seem to be consistent with anticipated variations in NPIW and AAIW. During B-A opal flux data from the Southern Ocean indicate reduced nutrient upwelling and AAIW formation 7 . A relative increase in the proportion of NPIW versus AAIW during the B-A period is consistent with the small increase observed in ε Nd at the Baja site. A minor negative ε Nd excursion (albeit a one-point low) during the YD is consistent with rejuvenation of AAIW in accordance with 14 C and other indicators of increased AAIW from the Southern Ocean (Fig. 3b,c) . Post YD values are comparable to LGM values, reflecting increased influence of NPIW during the Holocene. This scenario is consistent with rearrangements in Holocene deep and intermediate circulation patterns leading to a modern system that is dominated by NPIW at this site.
Evidence of old carbon at intermediate depths in the eastern North Pacific has been one of the most intriguing palaeoceanographic findings establishing the mechanism of atmospheric CO 2 leakage at the end of the last glaciation. Direct and indirect evidence in favour of an old carbon reservoir and increased AAIW have been reported from the Southern Ocean 7,13,25 , but there is no direct proof that these Southern waters reached the tropical North Pacific during deglaciation. This coupled study of ε Nd and 14 C reports variations in the relative dominance of more radiogenic NPIW and less radiogenic AAIW over the past 38 kyr and supports the concept of an increased contribution of AAIW at the beginning of the deglaciation, suggesting that the old carbon was transported from the deep southern abyss to the shallow tropics through AAIW.
Methods
Fossil fish teeth/debris were handpicked from the >63 µm fraction of sieved sediments from core MV99-MC19/GC31/PC08 off Baja California. Picked fossil fish teeth/debris were dissolved in a 1:1 mixture of optima grade HNO 3 and HCl in preparation for column chemistry. A primary column with Mitsubishi resin and 1.6N HCl as an eluent was used to separate bulk rare earth elements. Nd was then isolated by passing the rare earth element aliquot through Ln-spec resin with 0.25 N HNO 3 as an eluent. Procedural blanks were 14 pg Nd.
Nd isotopes were analysed on a Nu Plasma multi-collector inductively coupled plasma mass spectrometer at the University of Florida. Nd aliquots from column chemistry were dried and redissolved in 2% NHO 3 before aspiration using a DSN-100 nebulizer. Preamplifier gain calibrations were run at the beginning of each analytical session. All Nd isotope data reported in this study were analysed using a time-resolved analysis method 27 . Before sample introduction a baseline was measured for 30 s. Data were acquired in a series of 0.2 s integrations over 1-3 min. All reported 143 Nd/ 144 Nd ratios were corrected for mass fractionation using 146 Nd/ 144 Nd = 0.7219. International standard JNdi-1 was analysed between every 5 and 6 unknown samples and the average of these standard runs was compared with a long-term TIMS JNdi-1 value of 0.512103 ± 0.000014 to determine a correction factor for each of the samples analysed on that day. The long-term 2σ external reproducibility of JNdi-1 analyses on the Nu of 0.000014 (0.3ε Nd units) has been applied to all samples unless the internal error was larger.
